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Apple scab, caused by the fungal agent Venturia inaequalis (Cooke) G. Wint., is one of the most important diseases of apple (Malus × domestica Borkh.) worldwide. Most commercial apple cultivars are susceptible to this disease. Scab occurs in every country where apple is cultivated, but it is a serious problem mainly in temperate regions with cool, moist weather in early spring. Its control requires 12 to 15 fungicide sprays per year in a commercial orchard, thus leading to high production costs and environmental and health concerns for consumers (37) .
The use of genetically scab-resistant cultivars is an alternative to the chemical control of the disease. Several resistance genes have been identified in the apple germ plasm. By 1969, five scab resistance genes had been identified in wild apple species (56) : Vf in M. floribunda clone 821, Vr in M. pumila, Vm in M. micromalus, Vb in M. baccata, and Vbj in M. baccata jackii. A sixth gene for resistance, Va, was identified in apple cv. Antonovka P.I. 172623 (32) . Seven additional resistance genes were more recently identified: Vfh in M. floribunda 821 (5); Vg in 'Golden Delicious' and 'Prima' (4, 18) ; Vx in M. pumila R12740-7A (25) ; Vh2 and Vh4 in two accessions derived from M. pumila R12740-7A (7), which could be Vr and Vx, respectively (46) ; Vr2 in R12740-7A (46) ; and Vh8 in an M. sieversii accession (8) . Vg, Vf, and Vh8 were shown to be involved in gene-for-gene relationships (19) with V. inaequalis (5, 8) . Vf from M. floribunda was the first gene to be introgressed successfully in M. × domestica. The first cultivar carrying Vf, named 'Prima', was released in 1970 (14) . In 1999, more than 80% of the scab-resistant cultivars included in breeding programs carried the Vf gene (29) . This gene confers a strong resistance to races 1 to 5 of V. inaequalis (32) .
Two new races of V. inaequalis (races 6 and 7) able to overcome Vf were recently isolated and characterized (43, 48) . Race 7 was shown to be avirulent on cvs. Golden Delicious and Prima, carrying Vg (5). Race 6 is avirulent on M. floribunda 821, due to the presence of a major gene, Vfh (6) . New resistance genes against these new races are needed in apple breeding programs to create new cultivars with a durable resistance to scab, or at least a resistance efficient against all known races of V. inaequalis, including the new races 6 and 7. Polygenic, partial resistance has rarely been taken into account in apple breeding programs worldwide. This type of resistance is often hypothesized to be more durable than monogenic resistance. It could provide new, more durable scab resistance genes. In fact, erosion of quantitative polygenic resistance has not yet been clearly proven in any pathosystem (44) . In apple, partial resistance has been observed for a long time in addition to complete resistance conferred by major resistance genes. This type of resistance is characterized by a reduced sporulation on leaves or fruits (37) . Sporulation is observed only under very wet conditions, not every year, and is not followed by a progressive invasion of the leaf or fruit tissues as observed for susceptible cultivars.
Several genetic linkage maps have been constructed in apple (13, 26, 35, 38) as a prerequisite to map both major resistance genes and quantitative trait loci (QTL). Partial scab resistance in three apple cultivars (Prima, Fiesta, and Discovery) was recently demonstrated to be polygenically inherited (17, 36) . 'Prima' and 'Fiesta' were shown to possess QTL for resistance to two monoconidial isolates of race 6 (17) . 'Discovery' and 'Fiesta' were shown to possess QTL for resistance to V. inaequalis in the field, in Switzerland (36) . In these studies, only one or two isolates per inoculum of V. inaequalis were tested. Testing more isolates of V. inaequalis would lead to a better understanding of the nature of quantitative scab resistance in apple. In particular, knowing the spectrum of action of individual QTL toward the different races of V. inaequalis is crucial for the construction of new genotypes carrying a broad-spectrum resistance to scab.
In this study, we used a QTL analysis approach to study the genetic determinism underlying the partial resistance of an F 1 apple progeny derived from the cross between apple cv. Discovery and apple hybrid 'TN10-8', and challenged with eight different isolates of V. inaequalis, including four isolates able to overcome Vf. Our objectives were to (i) determine the number, genomic position, and effects of the QTL for resistance to each tested isolate and (ii) determine the spectrum of action of each detected QTL toward the set of isolates tested. To our knowledge, this is the first in-depth study of the genetic determinism of partial scab resistance in apple in regard to V. inaequalis variability.
MATERIALS AND METHODS

Plant materials.
A progeny of 149 F 1 individuals was derived from a cross between the partially resistant cv. Discovery (female parent) and the partially resistant hybrid 'TN10-8' (male parent). This progeny was sown in 1997 in a French orchard. 'Discovery' is an English cultivar derived from 'Worcester Pearman' × 'Beauty of Bath'. 'TN10-8' is a French hybrid derived from a cross between the scab-tolerant French cv. Reinette Clochard and a scab-resistant hybrid derived from 'Schmidt's Antonovka P.I. 172632'. 'Schmidt's Antonovka P.I. 172632' is different from 'Schmidt's Antonovka P.I. 172623', which carries the major resistance gene Va (Y. Lespinasse, personal communication) . There is no symptom similar to the pit-type symptom caused by Va on its leaves. It is not known whether its resistance is qualitative or quantitative. Before this study, neither 'Discovery' nor 'TN10-8' was known to possess any major resistance gene. In particular, their pedigrees do not include M. floribunda 821, i.e., the original source of Vf.
Inocula. Six monoconidial isolates (genetically homogeneous), one mixture of isolates (genetically heterogeneous), and one isolate (genetically heterogeneous) of V. inaequalis were used ( Table  1) . The monoconidial isolates 104, 302, and 1066 are reference isolates for races 1, 6, and 7 from the collection of the Institut National de la Recherche Agronomique (INRA), Angers, France (5). The monoconidial isolates EU-B04, EU-D42, and EU-NL24 belong to the European collection of V. inaequalis, from the European project Durable Apple Resistance in Europe (33) . Isolate EU-B04 was selected for its high aggressiveness. Isolate EU-D42 belongs to race 6. Isolate EU-NL24 combines the virulences of races 6 and 7 (L. Parisi, unpublished data). Isolate Gd-CH was collected from 'Golden Delicious' at the Swiss Federal Research Station for Fruit-Growing, Viticulture and Horticulture (FAW), Wädenswil, Switzerland. Isolate MLI is a mixture of isolates collected in several local orchards in Angers, France. Similar mixtures are prepared every year to select resistant apple genotypes in the breeding program carried out at INRA. Each inoculum was prepared as described by Parisi and Lespinasse (42) to obtain a final concentration of 3 × 10 5 conidia per ml. Pathological tests and disease assessments. All resistance tests were carried out in the greenhouse with the 149 individuals of the progeny, parents 'Discovery' and 'TN10-8', and susceptible control cultivars. Seven tests were performed at INRA. The first test was performed with isolate 302 on the young, nongrafted F 1 trees (seedlings). For the following tests, tree scions of each genotype could be grafted on the apple rootstock 'MM106' so that replicates of genotypes could be used. A randomized complete block design was used, with one genotype replicate per block. One to six replicates (blocks) per test were used ( Table 2) . Another test was performed in the greenhouse at FAW, Switzerland, with isolate Gd-CH, without genotype replicates, with trees grafted on 'MM106'. After grafting, trees were grown in the greenhouse for at least 6 weeks until they produced 8 to 10 leaves per shoot on average. For each inoculation, the inoculum was sprayed on the trees so that every leaf was reached. Spraying was maintained until droplets appeared on the leaves and stopped before streaming. Hygrometry was maintained at 90% and temperature at 18°C during 48 h to allow conidia germination. Then, hygrometry was reduced to 70% and temperature to 17°C. For each test, the germination rate of conidia from a sample of the inoculum used for the test was checked on agar plates. Two traits were scored on leaves both 14 and 21 days after inoculation: infection type, i.e., an ordinal scale adapted from the scale defined by Chevalier et al. (11) , and sporulation severity (sporulation), i.e., an ordinal scale corresponding to the percentage of leaf surface showing sporulation (described by Croxall et al. [15] and modified by Parisi et al. [43] ). Infection type was defined as follows: 0 = no symptom; 1 = (pinpoint-sized) pits on the leaf surface; 2 = chlorotic or necrotic reactions, or a combination of both, with possible shrinkage of the leaf without sporulation; 3 = same symptoms as class 2 with reduced sporulation; 4 = larger amount of sporulation with strong chlorotic or necrotic reactions, or a combination of both; and 5 = sporulation without any resistance symptom visible. Individuals scored 0 to 3 were considered resistant, whereas individuals scored 4 or 5 were considered susceptible. Sporulation was assessed as follows: 0, no sporulation; 1, 0 < sporulation ≤ 1%; 2, 1% < sporulation ≤ 5%; 3, 5% < sporulation ≤ 10%; 4, 10% < sporulation ≤ 25%; 5, 25% < sporulation ≤ 50%; 6, 50% < sporulation ≤ 75%; and 7, 75% < sporulation ≤ 100%. With isolate 1066, a necrosis symptom appeared on leaves 7 days after inoculation, sometimes in addition to sporulation and other resistance symptoms, and was scored as a qualitative trait for its presence or absence on each genotype, 7 to 12 days after inoculation.
Genetic map construction. The 149 individuals of the 'Discovery' × 'TN10-8' progeny were genotyped with isozyme (12), amplified fragment length polymorphism (AFLP) (53) , and microsatellite markers (23, 34) . Before mapping this progeny, 10 AFLP primer pairs were selected for their good overall coverage of the 'Discovery' genome as assessed in the previously mapped 'Fiesta' × 'Discovery' progeny (W. E. Van de Weg, unpublished data). Genetic mapping followed the double pseudo-testcross mapping strategy (24) developed for heterozygous outbreeding plants. All genetic maps were constructed with the Joinmap software version 2.0 (PRi, Wageningen, The Netherlands). A LOD (logarithm of odds ratio) threshold of 5 was used to define linkage groups (LGs). The Kosambi function was used to calculate genetic distances. Two genetic linkage maps were first constructed, one for each parent, using two sets of markers. Markers heterozygous for 'Discovery' and homozygous for 'TN10-8' were used for the map of 'Discovery', whereas markers heterozygous for 'TN10-8' and homozygous for 'Discovery' were used to construct the 'TN10-8' map. Codominant microsatellite markers were used to construct a single integrated linkage map with both sets of markers. When several markers clustered at the same position, the marker of best quality was conserved and other markers were discarded in order to construct a final framework linkage map.
Statistical analyses. For the five tests including replicates, statistical analyses of phenotypic data were conducted using the Statistical Analysis System (SAS) software (SAS Institute, Cary, NC). Each phenotypic value was subdivided into a block effect, a genotype effect, and residual effects. After analyses of variance (ANOVA), when a significant block effect was detected, individual values were adjusted according to their corresponding block by the following formula:
, where Y ij is the phenotypic value of individual i in block j, µ is the overall mean of the progeny, and µ j is the mean of individuals belonging to block j. For each test, Pearson correlation coefficients were calculated to assess phenotypic correlations between infection type and sporulation. Two variables were used to carry out QTL analyses: mean infection type and mean sporulation of each genotype over the blocks (i.e., over the replicates). Broad-sense heritabilities of these two variables were calculated as the ratio between the estimated genetic variance and the phenotypic variance with the following formula:
e /n), where n is the mean number of replicates per genotype, σ 2 g is the genetic variance, and σ 2 e is the residual variance. Statistical differences between mean infection types and mean sporulations of 'Discovery' and 'TN10-8' obtained with different isolates were checked using a Bonferroni test (type I experimentwise error = 5%).
QTL analyses. The software Map-QTL version 3.0. (PRi) was used with both the mean infection type and the mean sporulation to detect QTL. This software is able to deal with a full-sib family derived from heterozygous parents of a cross-pollinating species, as found in apple. QTL were searched on the entire progeny. For isolate 1066, QTL were searched both on the entire progeny and on the part of the progeny not displaying the necrosis symptom scored on leaves. QTL analyses were first performed with the separate genetic maps of 'Discovery' and 'TN10-8', thus leading to the detection of additive effects in a pseudo-testcross situation. Then the integrated framework linkage map was used, which allowed the detection of both additive and dominance effects. Whatever the map used, interval mapping was first performed. Then markers close to the likelihood peaks of the detected QTL were used as cofactors for restricted multiple QTL mapping (rMQM) analyses. A LOD threshold of 3 was used for declaring a putative QTL significant. For each significant QTL, a confidence interval corresponding to a LOD score drop off of 2 on either side of the likelihood peaks was calculated. Such an interval is supposed to contain the QTL with a probability over 95% (51) .
For each QTL, there are four different alleles: a and b for 'Discovery' and c and d for 'TN10-8'. Therefore, four different genotypic classes may derive from the cross between these parents: ac, ad, bc, and bd. On the separate maps, only markers heterozygous for one single parent are used, therefore only two different genotypic classes can be distinguished: a versus b for the 'Discovery' map and c versus d for the 'TN10-8' map. For each QTL, we determined the favorable allele by comparing the average phenotypic effects associated with the two genotypic classes distinguished when using the separate parental maps. When a QTL was detected only on the framework integrated linkage map, the most favorable genotypic class was determined.
For each pathological test, a multiway ANOVA was performed with molecular markers close to the QTL peaks to estimate the total percentage of phenotypic variation (R 2 ) explained by the significant QTL.
RESULTS
Genetic mapping of the 'Discovery' × 'TN10-8' progeny.
The length of the final framework genetic map of the progeny was 1,219 centimorgans (cM). A total of 102 AFLP, 62 microsatellite, and 13 isozyme markers were used to construct this map. The average distance between two markers was 7.6 cM (standard deviation 5.8 cM). The maximum distance was 32.1 cM. One hundred twenty-nine markers, mostly AFLP markers, showed a dominant segregation ratio (1:1), whereas 48 microsatellite or isozyme markers displayed three or four genotypic classes (1:2:1 or 1:1:1:1) and were useful to merge the parental maps. Seventeen
LGs were constructed, as expected for apple, with a genome of 17 chromosome pairs. Each LG included at least two codominant microsatellite markers, thus allowing LGs orientation in accordance with the reference maps (35, 38) .
Disease assessment. Each inoculum tested had a germination rate above 70%. Susceptible controls displayed sporulation on leaves for each test, with homogeneous infection types over replicates and some slight variations in sporulation.
Parents. Parents were always less susceptible than the control genotypes. Symptoms observed on parents often varied between replicates during the same experiment, but no parent was scored as both susceptible and resistant in the same experiment, except for 'Discovery' with isolate EU-NL24, with infection types ranging between 2 and 5. The observation of the mean infection type and the mean sporulation over replicates shows that the resistance level of both parents varied greatly with the isolate tested (Table  3) . Unfortunately, genotypes of the parents were not available during the test of isolate 302, so their resistance level could not be checked during the experiment.
Progeny. In spite of the existence of variations in infection type and sporulation over replicates in the progeny, ANOVA led to the detection of significant differences among genotypes for each test. For each test, the number of susceptible individuals increased between 14 and 21 days after inoculation. Very few fully resistant individuals were observed, except with isolate 104, which means that very few escapes occurred during experiments. For isolate EU-D42, two of the three blocks inoculated were not scored, because in these blocks, numerous chlorosis symptoms appeared on leaves on every tree, which were probably not related with scab resistance symptoms. Therefore, for this isolate, only one replicate per genotype was finally taken into account. Block effects were significant for all tests with replicates, except with isolate 1066, therefore individual infection type and sporulation were adjusted according to the block effects. Comparison of mean infection type between experiments showed that the progeny was on average resistant (infection type of ≤3) to isolates 104, Gd-CH, and MLI and susceptible (infection type of >3) to isolates EU-D42 and EU-NL24, whereas its resistance to isolates 302, 1066, and EU-B04 was intermediate ( Table 2 ). The mean infection type and the mean sporulation were highly correlated, with Pearson correlation coefficients ranging from 0.66 to 0.93 (P ≤ 0.0001). Broad-sense heritability ranged from 0.51 to 0.90 depending on the isolate (Table 2) . For isolates 302, EU-D42, and EU-NL24, the distribution of mean infection type in the progeny was skewed toward susceptibility, whereas it was skewed toward resistance for isolate 104 (Fig. 1) .
Genetic mapping of a major resistance gene. Eighty of the 149 individuals of the progeny displayed the necrosis symptom scored on leaves 7 to 12 days after inoculation with isolate 1066. Some individuals displayed both slight sporulation and necrosis symptoms on leaves, sometimes even on the same leaf. This symptom was mapped as a qualitative trait with the Joinmap software version 2.0 on LG12 at 0.5 cM from the microsatellite marker CH01d03 (Fig. 2) . The mapped gene was called Vg (described below). The mean infection type of the individuals displaying this necrosis symptom, 21 days after inoculation, was 2.3 ± 0.6 (± standard deviation), whereas it was 4.1 ± 0.7 for the individuals not displaying it.
QTL analyses. A total of 24 QTL and one major gene distributed over six different genomic regions of the 'Discovery' × 'TN10-8' integrated framework linkage map were significantly associated with scab resistance. Eleven QTL were detected using the map of 'Discovery', whereas eight QTL were detected using the map of 'TN10-8'. These 19 QTL, and five additional QTL, were detected using the integrated linkage map. QTL were detected at similar map positions with mean infection type and mean sporulation, with almost equal LOD and R 2 values (percentage of phenotypic variation). Most QTL were detected 14 and 21 days after inoculation at similar map positions but with higher LOD scores 21 days after inoculation and more accurate positions. Only results obtained with the mean infection type by rMQM 21 days after inoculation are shown ( Table 4 ). The R 2 each QTL accounted for ranged from 4.1 to 82.7% (Table 4 ). The total R 2 accounted for by all QTL for resistance to one isolate ranged from 13 to 84% (Table 2) . Nineteen of the 24 QTL detected were located in only three different genomic regions on LG1, LG2, and LG17 (Fig. 2) . These regions were detected with different LOD and R 2 values depending on the isolate tested (Table 4) , but confidence intervals overlapped.
On LG1, QTL were detected with every isolate except isolates 302 (race 6) and 1066 (race 7). The QTL with the weakest effect was detected with isolate EU-NL24 (R 2 = 4.1%). Although it was detected with a LOD smaller than 3, it was not discarded because its map position was the same as that of the other QTL detected on this LG. The QTL with the strongest effect was detected with isolate MLI (R 2 = 51.1%). All confidence intervals of these QTL overlapped on a common segment flanked by the markers PGM-1 and CH-Vf 1 . For each QTL, the favorable allele was the c allele derived from 'TN10-8'.
On LG2, QTL were detected with every isolate except isolates Gd-CH ('Golden Delicious' isolate) and 1066 (race 7). QTL effects ranged from 5.1% (isolate MLI, mixture of isolates) to 25.8% (isolate 302, race 6). The confidence intervals of all the QTL located on this LG overlapped. The resistance allele was a toward isolates EU-B04 and EU-NL24, c toward isolate 302, and d toward isolate MLI. The QTL for resistance to isolates 104 and EU-D42 on LG2 were detected only when using the integrated linkage map. The most favorable combination of alleles at these loci was a+d.
On LG5, two QTL with likelihood peaks close to the microsatellite marker CH04e03 were detected. One of them was involved in the resistance toward isolate EU-B04 (race 1). Its favorable effects were derived from the a allele of 'Discovery'. The other QTL was detected with isolate MLI (mixture of isolates). Favorable effects at this QTL were associated with the allele combination a+c.
On LG17, QTL were detected with every isolate except isolate 1066. QTL effects ranged from 4.7% (isolate MLI, mixture of isolates) to 19.4% (isolate 104, race 1). The confidence intervals of all the QTL located on this region of LG17 overlapped. For QTL detected with isolates 104, EU-B04, 302, Gd-CH, and MLI, favorable effects were derived from the a allele of 'Discovery'. The QTL for resistance to isolates EU-D42 and EU-NL24 were detected only when using the integrated linkage map. The most favorable combination of alleles for these QTL was a+c.
Three QTL were identified with only one isolate. A QTL was detected on LG12 with isolate 1066. Its effect was very strong (R 2 = 82.7%). Its likelihood peak was at the same map position as the major gene identified with the necrosis symptom scored on leaves, and favorable effects were derived from the same allele of 'Discovery' (a). No other QTL was detected with isolate 1066 (race 7), neither on the entire progeny nor in the part of the progeny without necrosis on leaves. Two other isolate-specific QTL were detected with isolate EU-B04 on LG13 and with isolate EU-NL24 on LG15. Their effects were weak (R 2 < 8%).
DISCUSSION
Experimental design. Scab incidence varied greatly between experiments in the progeny, which displayed on average a strong to intermediate resistance after inoculation with isolates 104, EU-B04, Gd-CH, MLI, and 1066, whereas it was susceptible to isolates EU-D42, 302, and EU-NL24 (Table 2 ). These differences probably reflect differences in aggressiveness or in virulence between isolates, since inoculations and environmental conditions were rather homogeneous between experiments.
Resistance of the progeny to isolate 104 was particularly strong. Some of the individuals scored as resistant might be escapes. Some nongrowing individuals also could have been accidentally scored, leading to nonrepresentative scores, owing to the occurrence of ontogenic resistance in the older leaves. Nevertheless, the calculation of the mean infection type over replicates reduced the error due to the putative occurrence of escapes. A higher concentration for isolate 104 (>3 × 10 5 spores per ml) should be used in further experiments to confirm the high resistance level of the progeny. Similarly, a lower inoculum concentration (<3 × 10 5 spores per ml) should be used in further experiments to confirm the high susceptibility of the progeny to isolates EU-D42 and EU-NL24.
In spite of the lack of variability observed in the progeny for some of the isolates tested, several QTL could be detected with every isolate. One to five resistance loci were identified according to the isolate tested. For each isolate, the comparison between broad-sense heritability and total phenotypic variation accounted for by QTL (Table 2) shows that there is often an important part of phenotypic variation that remains unexplained. This may result from (i) the reduced size of our progeny, which could have prevented the detection of minor QTL; (ii) the existence of resistance loci in genomic regions not covered by our genetic map; or (iii) epistatic interactions between genes dispersed in the genome, which were not tested in this study. Several studies actually demonstrated that epistasis may occur between different loci involved in partial disease resistance (1, 30, 39, 50) .
Numerous QTL were detected at similar positions on LG1, LG2, and LG17 after independent experiments with different isolates. This increases the confidence in the weak effect QTL detected at these positions with some of the isolates (for instance, EU-NL24 on LG1 and 104 on LG2). QTL with overlapping confidence intervals and close likelihood peaks might be considered as one single QTL. We thus consider that we detected only three different major QTL on LG1, LG2, and LG17 with broad-spectra of action toward the isolates tested, and a single QTL for resistance to two isolates on LG5. It does not imply that there is one single gene determining partial scab resistance in each of these genomic regions; confidence intervals are too wide to determine if there is one single gene or several linked genes underlying each QTL.
Three major genomic regions involved in partial resistance to scab in apple. Each of the three genomic regions detected on LG1, LG2, and LG17 in this study was identified with most of the isolates tested. The other QTL on LG5, LG12, LG13, and LG15 were detected with only one or two different isolates. These results might be compared with results previously obtained in other apple progenies. Five QTL for scab resistance were already reported by Durel et al. (17) in a 'Prima' × 'Fiesta' progeny inoculated in a controlled climatic chamber with isolates 302 and EU-D42 (race 6). One of these QTL was identified on LG1 with isolate 302 in 'Prima' around Vf, and a second QTL for resistance to both isolates EU-D42 and 302 was detected on LG17 in 'Fiesta'. Seven QTL were identified by Liebhard et al. (36) in a 'Fiesta' × 'Discovery' progeny in field conditions. One of these QTL was mapped on LG17 in both 'Fiesta' and 'Discovery'. Our results thus confirm the involvement of these genomic regions on LG1 and LG17 in partial scab resistance.
We also detected new genomic regions associated with partial resistance to scab. In particular, the broad-spectrum QTL detected on LG2 with every isolate, except isolates 1066 and Gd-CH, was never identified previously. Similarly, the QTL detected on LG5 (with isolates MLI and EU-B04), LG13 (isolate EU-B04), and LG15 (isolate EU-NL24) in the 'Discovery' × 'TN10-8' progeny were never identified previously. Conversely, several QTL identified in the previous studies were not confirmed here. Most of the QTL identified in the 'Fiesta' × 'Discovery' progeny were not identified in this study. A strong-effect QTL was detected at the same location on LG11 in both the 'Prima' × 'Fiesta' and the 'Fiesta' × 'Discovery' progenies but was not detected here, though it was reported by Liebhard et al. (36) that 'Discovery' carries a favorable allele at this QTL.
The observation of QTL detected in only one or two of these three progenies may be attributed to several reasons: (i) parents of the three progenies are different, except 'Discovery' which is common to two of the progenies; (ii) the isolates tested in these progenies are different, except isolates EU-D42 and 302 which were tested in the 'Prima' × 'Fiesta' and the 'Discovery' × 'TN10-8' progenies; (iii) greenhouse and field conditions are very different in terms of plants age and environmental conditions, so that different QTL might be expressed in these different environments; and (iv) for the common parent 'Discovery', QTL expression might be influenced differently by the genetic background of the other parent, either 'TN10-8' or 'Fiesta'. To allow relevant comparisons, the 'Prima' × 'Fiesta' and 'Fiesta' × 'Discovery' progenies should be tested with the same isolates that were used here, in similar greenhouse conditions.
Co-localizations of QTL with major genes. Three major scab resistance genes previously mapped in other apple progenies colocalize with the QTL identified on LG1 and LG2 in the present study. On LG1, most of the likelihood peaks of the QTL detected with the different isolates tested were located a maximum of 4 cM from the microsatellite marker CH-Vf 1 (except for isolate 104 with 9 cM). This marker is very tightly linked to the Vf locus in other apple genotypes (A . Patocchi, personal communication) . On LG2, the major scab resistance gene Vr was recently mapped at 7.8 cM from the microsatellite marker CH02b10 (27) . This marker was mapped 1 cM above the microsatellite marker CH02c06 in the 'Fiesta' × 'Discovery' progeny (34) , which is close to most of the likelihood peaks of the QTL detected on LG2 (maximum 8 cM). In addition, the position of the scab R-gene Vh8 can be estimated a maximum of 9.5 cM from CH02b10 (8) . There are two possible positions for each gene on the 'Discovery' × 'TN10-8' map (Fig. 2) .
Co-localizations between major resistance genes and resistance QTL mapped in distinct progenies of the same species were frequently observed in a number of other pathosystems (3,9,20-22, 28,31,54) . Most of the molecularly characterized R-genes belong either to families of tightly linked genes or to allelic series (27) . Therefore, QTL and major genes co-localizing could be either members of the same allelic series, as suggested by Robertson (49) , or closely linked members of the same gene family segregating in two distinct progenies. At the molecular level, it is clear that some QTL share structural and functional similarities with Rgenes. It has been demonstrated that genes sharing a common structure with R-genes could trigger a weak resistance. For instance, in rice, the gene Xa21D, belonging to the Xa21 gene family, was shown to confer a partial resistance phenotype to bacterial blight (55) . A similar case was observed in tomato with a member of the multigene family I2C, referred to as I2C-1 (41) .
The co-localization of the QTL detected on LG1 with Vf raises the possibility that both types of genes belong to the same gene family or to the same allelic series. It was recently reported that Vf probably belongs to a family of closely linked genes (52, 57) , called HcrVf, with strong homologies with the Cf resistance gene family members, particularly to Cf9 (52). The gene (or genes) underlying the QTL detected in the 'Discovery' × 'TN10-8' progeny might be allelic or paralogous members of this gene family and thus share strong structural and functional similarities with these genes. Similarly, the gene (or genes) underlying the QTL detected on LG2 might be related to Vr or to Vh8, which have not yet been characterized. Conversely, no QTL was detected close to the major gene Vg on LG12 with other isolates, except isolate 1066. The same situation was observed in the 'Prima' × 'Fiesta' progeny, where Vg was already mapped (18) . This does not mean that Vg is the only functional scab resistance allele in this genomic region. It could belong to a gene family or to an allelic series of which other members have not yet been identified.
Isolate specificity of the QTL. The use of eight isolates of V. inaequalis in this experiment allowed us to determine the individual spectra of action of the detected QTL. Two isolate-specific QTL were found on LG13 and LG15 with isolates EU-B04 and EU-NL24, respectively. A more complex situation was found for the other QTL identified, which were neither clearly isolate-specific nor completely generalists. The same QTL was detected on LG2 with every isolate except isolates Gd-CH and 1066, but favorable effects derived from three different alleles according to the isolate (a, c, or d) or from a combination between two alleles. Therefore, there were at least three different resistance alleles with different specificities on this LG. In contrast, all favorable effects on LG1, LG5, and LG17 were conferred by the same allele (c, a, and a, respectively) , with an exception on LG17 where the most favorable effects sometimes derived from the combination of alleles a+c. In these cases, favorable effects may derive either from one single gene with a broad spectrum of action or from several more specific closely linked genes in coupling phase.
Most studies in which several isolates were used to detect QTL for resistance report either only broad-spectrum QTL and no isolate-specific QTL (40, 58) or a combination of broad-spectrum QTL with strong effects on resistance and isolate-specific QTL with minor effects on resistance (2,9,10,47). Our results are more complex, since (i) some of the isolate-specific QTL detected had strong effects on resistance (for instance the QTL on LG5), (ii) some QTL had a broad spectrum of action but it was never complete (QTL on LG1, LG2, and LG17), and (iii) the QTL on LG2 displayed alleles conferring different specificities. This greater complexity probably partly derives from the larger number of isolates tested in this study. If more isolates belonging to distinct pathotypes were tested in other pathosystems, more QTL with incomplete spectrum of action, or with alleles conferring different specificities, might be found.
The identification of isolate-or race-specific QTL in a number of pathosystems (9, 10, 16, 21, 31, 47) and the co-localization of QTL with R-genes suggest that some QTL are involved in pathogen recognition. Parlevliet and Zadoks (45) proposed that genes for partial resistance to pathogens might be, as well as major resistance genes, involved in a gene-for-gene relationship with avirulence genes of the pathogen, either major or minor. Nevertheless, to our knowledge, the evidence of a direct interaction between the product of a QTL for resistance and the matching avirulence factor is still lacking. Interestingly, in our study, the QTL on LG1 had strong effects on the isolates blocked by Vf but weak or no effects on the isolates able to overcome Vf. From these results, it can be hypothesized that the gene (or genes) underlying this QTL is involved in a gene-for-gene relationship with avrVf, or with another avirulence gene present only in the races blocked by Vf.
Conversely, the QTL on LG17 was involved in the resistance to every isolate except isolate 1066. It does not co-localize with any known major resistance gene, and one single favorable allele at this QTL conferred resistance. Therefore, this region might be involved in general, nonspecific defense mechanisms. The absence of QTL for resistance to isolate 1066 might be due to the strong effect of Vg, preventing the detection of QTL with smaller effects.
Identification and denotation of a major resistance gene. The necrosis symptom scored on leaves was clearly associated with resistance, though a few genotypes displayed both sporulation and necrosis symptom. In fact, a strong QTL (R 2 = 82.7%) was detected at the same location as the major resistance gene causing the necrosis symptom. This major resistance gene is probably Vg because (i) the necrosis symptom it causes is very similar to the symptom caused by Vg in 'Golden Delicious' and 'Prima' (4,18) and (ii) its map position at the bottom of LG12 is the same as the position of Vg (18) . The pedigrees of 'Prima' and 'Discovery' are not known beyond the grandparents, but it can be hypothesized that 'Prima', 'Golden Delicious', and 'Discovery' share a common ancestor carrying Vg.
Consequences for the construction of scab-resistant cultivars in apple. The QTL on LG17 is particularly interesting for breeding purposes because it was detected with every isolate except isolate 1066 (race 7) in the greenhouse, it was detected in field conditions (36) , and it is present in two distinct cultivars (Fiesta and Discovery). The QTL on LG2 is also of high interest because it confers a high resistance level against some strains of the new races 6 and 7. Nevertheless, the different favorable alleles with complementary specificities at this QTL might be difficult to introduce in the same genotype since some of them are in repulsion phase. The QTL on LG2 and LG17 are flanked by several microsatellite markers that can directly be used in marker-assisted selection. The major gene Vg, though already overcome by races 1 to 6, will be useful to confer resistance against race 7 once userfriendly molecular markers are available for marker-assisted selection. In the future, individuals carrying different combinations of QTL will be selected in this progeny and planted in an orchard where new races of V. inaequalis are present, in order to challenge the efficiency and the durability of their resistance to scab.
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